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ABSTRACT 

Histone chaperones are a diverse class of proteins 
that facilitate chromatin assembly. Their ability 
to stabilize highly abundant histone proteins in 
the cellular environment prevents non-specific 
interactions and promotes nucleosome formation, 
but the various mechanisms for doing so are not 
well understood. We now focus on the dynamic 
features of the DAXX histone chaperone that have 
been elusive from previous structural studies. Using 
hydrogen/deuterium exchange coupled to mass 
spectrometry (H/DX-MS), we elucidate the con- 
certed binding-folding of DAXX with histone 
variants H3.3/H4 and H3.2/H4 and find that high 
local stability at the variant-specific recognition 
residues rationalizes its known selectivity for H3.3. 
We show that the DAXX histone binding domain is 
largely disordered in solution and that formation of 
the H3.3/H4/DAXX complex induces folding and 
dramatic global stabilization of both histone and 
chaperone. Thus, DAXX uses a novel strategy as a 
molecular chaperone that paradoxically couples 
its own folding to substrate recognition and 
binding. Further, we propose a model for the chro- 
matin assembly reaction it mediates, including a 
stepwise folding pathway that helps explain the 
fidelity of DAXX in associating with the H3.3 
variant, despite an extensive and nearly identical 
binding surface on its counterparts, H3.1 and H3.2. 

INTRODUCTION 

Nucleosome assembly is a dynamic multi-step process 
that is regulated by histone chaperones. Tailored to their 
highly conserved architectural and regulatory function 
within the nucleosome, histone protomers outside of the 



nucleosomal context require a diverse family of proteins 
to prevent unspecific contacts. These so-called histone 
chaperones use a variety of structural motifs to contact 
their cognate histones and seem to have largely non- 
overlapping specific functions in histone metaboHsm and 
nucleosome assembly in distinct chromosomal loci (1). 
The trend for functional specialization in higher eukary- 
otes is particularly apparent among a subclass of histone 
chaperones, including DAXX, HIRA and HJURP that 
selectively bind histone H3 variants H3.3 (DAXX and 
HIRA) and CENP-A (HJURP) (2-9). All of these 
variant pathways are distinct from the CAFl pathway 
for canonical histones H3.1 and H3.2 (3,10). The unique 
structures and binding mechanisms of these histone chap- 
erone complexes are expected to reflect their specific func- 
tions and are the subject of current investigation. 

DAXX is a metazoan histone chaperone, specific to 
the evolutionarily conserved histone variant H3.3. Its 
function is tied to telomeric and centromeric heterochro- 
matin, where repHcation-independent deposition of H3.3 
appears to serve a role in chromatin maintenance, epigen- 
etic and genetic stabiHty and tumor suppression 
(8,9,11-13). Thus, understanding the molecular function 
of DAXX will help pinpoint its role in health and disease. 
DAXX protein encompasses an N-terminal 4-helix bundle 
(14), a central histone binding domain (HBD) (8) and a 
C-terminal domain that is predicted to be disordered. Co- 
crystal structures of the H3.3/H4/DAXX HBD complex 
revealed an extended fold of the DAXX HBD that 
envelops an H3.3/H4 dimer with seven consecutive a 
helices (15,16). Interaction of the overall basic DAXX 
HBD domain with the Lys/Arg-rich histones is dominated 
by localized salt bridges and large hydrophobic interfaces. 
Given the extensive interaction surface, it is remarkable 
that DAXX selectively chaperones histone variant H3.3 
in vivo by reading out minor amino acid differences 
from canonical histones H3.1/2. The varying residues are 
primarily confined to a small region, from amino acids 87 
to 90 of H3.3, and are buried in the histone chaperone 
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complex. Experiments with purified components shed 
some Hght into the mode of discrimination reveaUng 
that the N-terminal heUces (al and a2 heUces) of the 
DAXX HBD, also termed 'tower', disfavor side chain sub- 
stitutions at H3.3 Gly90 (such as Met90 in H3.2) through 
water-mediated contacts. However, considering the 
binding energy gained over the vast histone chaperone 
interface in comparison with that contributed by H3.3- 
specific residues — and the absence of clear 'lock-and-key' 
recognition — it has remained elusive how high specificity 
could be achieved. 

Recent studies using H/DX-MS revealed conform- 
ational flexibihty in the histone fold (17-20) that could 
be exploited in the case of variant-specific recognition by 
chaperones. H/DX-MS measures the exchange of amide 
protons along the polypeptide backbone with deuterons 
from heavy water. H/DX is fast in unfolded regions of 
proteins and slow in regions with stable folded structure, 
where the amide protons are engaged in hydrogen bonds 
(21). Thus, it is an ideal technique to monitor the con- 
formational changes of histone chaperone complexes. 

Here we use H/DX-MS to determine the nature of the 
H3.3/H4/DAXX heterotrimer in solution. We measure 
the stabiHty conferred to both the histone substrate 
complex ([H3.3/H4]2) and the monomeric chaperone on 
heterotrimer formation, test the degree to which DAXX- 
binding can induce a stable fold to a partially unfolded 
H3.3 mutant protein and compare the backbone dynamics 
of DAXX when bound to its target variant (H3.3) versus 
when bound to an inappropriate substrate (H3.2). 
Considering these findings, we propose a model for how 
selectivity is achieved in the DAXX-mediated nucleosome 
assembly pathway for the H3.3 variant. 

MATERIALS AND METHODS 

Protein expression and purification 

Vectors, expression and purification conditions for 
histones and DAXX HBD (residues 183-417; hereafter 
referred to as DAXX) were essentially as previously 
described (15). Briefly, bacterial expression of histones 
and DAXX was individually expressed in BL21 
Star(DE3) cells (Invitrogen) into inclusion bodies for 
4-6 h at 37°C. Inclusion bodies were resolubilized in 6M 
guanidine-HCl, 1 M NaCl, 50 mM Tris-HCl, pH 8, and 
purified on a Ni-NTA affinity column. To prepare 
(H3/H4)2 heterotetramers or DAXX-histone complexes, 
equimolar ratios of all proteins were mixed in 6M 
guanidine-HCl, 50 mM MOPS, pH 7, 0.5 M NaCl, 5mM 
EDTA, 10% glycerol and dialyzed against 50 mM MOPS, 
pH 7, 0.5 M NaCl, 1 mM EDTA, 10% glycerol over 24- 
48 h, exchanging dialysis buffer at least once. Refolding 
reactions were spun for 30min at 30 000rpm to remove 
insoluble material, and supernatants were loaded onto a 
Superdex 200 column in 10 mM MOPS, pH 7, 0.5 M 
NaCl, ImM DTT, 0.2 mM PMSF to yield the final 
complex. Note that at low-salt concentrations or at low 
concentrations of histones without DAXX, H3/H4 heavily 
populates a dimer state (22), whereas under the conditions 
we used — designed to allow a side-by-side comparison to 



the H3/H4/DAXX trimer complexes— H3/H4 more 
heavily populates a tetramer state. To prepare the 
DAXX monomer, lyophilized protein was resuspended 
in 6M guanidine-HCl, 50 mM MOPS, pH 7, 0.5 M 
NaCl, ImM EDTA, 5mM DTT, 10% glycerol, dialyzed 
against two changes of 50 mM MOPS, pH 7, 0.5 M NaCl, 
ImM DTT, 0.2 mM PMSF and finally dialyzed into 
lOmM MOPS, pH 7, 0.5M NaCl, ImM DTT, 0.2mM 
PMSF. The refolding reaction was spun for lOmin at 
15 000rpm, and soluble DAXX (yield -^11 |iM) was used 
directly in the H/DX reaction. 

H/DX reactions 

Deuterium on-exchange was carried out on ice by adding 
5|il of protein sample (2-10 |ig of protein or protein 
complex) to 1 5 |il of deuterium on-exchange buffer 
(5mM H2Na04P/HNa204P pD 7, 0.5 M NaCl in D2O) 
so that the final D2O content was 75%. At each indicated 
time point, the exchange mixture was added to 30 |il 
quench buffer (1.66 M guanidine-HCl, 0.8% formic acid, 
10% glycerol in H2O) on ice and immediately frozen in 
Hquid nitrogen. The samples were stored at — 80°C until 
analysis by MS. 

Protein fragmentation and MS 

H/DX samples were individually thawed at 0°C for 2min, 
then injected (50 jil) and pumped through an immobilized 
pepsin (Sigma) column at an initial flow rate of 50 |il/min 
for 2min followed by 150 |il/min for 2min. Pepsin (Sigma) 
was immobilized by coupHng to POROS 20 AL support 
(AppHed Biosystems) and packed into column housings of 
2 mm X 2 cm (64|il) (Upchurch). Pro tease-generated frag- 
ments were collected onto a CI 8 HPLC trap column 
(800|imx2mm, Dionex). Peptides were eluted into and 
through an analytical CI 8 HPLC column (0.3 x 75mm, 
Agilent) by a Hnear 12-55% buffer B gradient over 
15min at 6|il/min (Buffer A: 0.1% formic acid; Buffer 
B: 0.1% formic acid, 99.9% acetonitrile). The effluent 
was electrosprayed into the mass spectrometer (LTQ 
Orbitrap XL, Thermo Fisher Scientific). The SEQUEST 
(Bioworks v3.3.1) software program (Thermo Fisher 
Scientific) was used to identify the likely sequence of the 
parent peptides using non-deuterated samples via tandem 
MS. 

H/DX data analysis 

MATLAB-based MS data analysis tool — ExMS — was 
used for data processing (23). Briefly, the ExMS 
program searches raw MS data, identifies individual 
isotopic peaks/envelopes from a list of MS/MS peptides 
obtained from SEQUEST search and calculates centroid 
values of these envelopes. The program is used to first 
identify the isotopic envelope centroid and chromato- 
graphic elution time of each parental non-deuterated 
peptide, and then this information is subsequently used 
to identify deuterated peptides. 

The level of H/DX at each time point is expressed as 
either the percent exchange or number of deuterons within 
each peptide. First, each individual deuterated peptide is 
corrected for loss of deuterium label during H/DX-MS 
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data collection (i.e. back exchange after quench) by 
normalizing to peptides from a Tully-deuterated' reference 
sample. These reference samples are prepared in 75% deu- 
terium to mimic the on-exchange experiment, but under 
acidic denaturing conditions (0.5% formic acid), and 
incubated overnight so that each amide proton undergoes 
full exchange. The centroid values for the experimental 
datasets prepared under native conditions are then 
normalized to the maximal deuterium incorporation we 
can measure for each peptide to calculate exchange 
levels. Using the Tully-deuterated' samples and accounting 
for all the peptides in our data sets, our typical back- 
exchange average per peptide for an entire data set was 
18%, which is within close range of some of the lowest 
deuterium losses reported for other proteins in H/DX-MS 
(24). Calculation of deuterium loss correction and other 
data operations were performed using MATLAB. In 
addition, maps of rate-classes along the polypeptide 
were assembled using the H/DX data as described 
(18,25). In some instances, helical segments known from 
the H3.3/H4/DAXX heterotrimer (PDB 4H9N) were used 
to first place the slowest exchanging positions. 

Size exclusion chromatography-multi-angle 
light scattering 

Multi-angle Hght scattering (MALS) was measured in line 
with an HPLC size exclusion chromatography (SEC) 
setup. In particular, a DAWN HELEOS DLS (Wyatt) 
instrument was directly connected to an Agilent 1100 
HPLC system equipped with a Superdex 200 GL 10/300 
column (Amersham). 500 |ig of each sample (5 mg/ml) was 
injected, and DLS signals were recorded for 25 ml at a 
flow rate of 0.5ml/min. 

RESULTS 

All histone fold helices of H3.3 and H4 are stabilized 
upon DAXX binding 

To measure the backbone dynamics of free histones 
and histone chaperone complexes, we used H/DX-MS. 
The (H3.3/H4)2 heterotetramer and H3.3/H4/DAXX 
heterotrimer were incubated in D2O (heavy water) separ- 
ately on ice to exchange the amide protons on the pep- 
tide backbone with deuterons (Figure lA). The low 
exchange temperature was chosen to extend backbone 
exchange over a longer time course because a previous 
study showed that at room temperature (H3/H4)2 
heterotetramers are completely exchanged at all locations 
by 10^ s (18). Even with the ~10-fold slower chemical 
exchange rates (21) and greater thermal stabiHty gained 
by performing experiments on ice, the (H3.3/H4)2 
heterotetramer is nearly entirely exchanged by 10 s 
(Figure IB). The samples were 'quenched' at each time 
point, ranging from 10^-10^ s, lowering the pH to the 
point (pH ~2.3) at which the chemical exchange rate, 
'back-exchange' in this case, is slowed so that it is negli- 
gible before MS measurements. The proteins were digested 
by pepsin, and deuterium incorporation on each resulting 
peptide fragment was measured by mass spectrometry 
(Figure lA). H/DX of overlapping peptides was 



successfully measured at each time point for 97-99% of 
the histone fold domain (Figure IB and C). 

Fifty-eight peptides are identical in sequence between 
the (H3.3/H4)2 heterotetramer (Figure IB) and H3.3/H4/ 
DAXX heterotrimer (Figure IC) samples, making possible 
ideal side-by-side comparisons (Figure ID-I). For many 
of these peptides, mass spectra were obtained for multiple 
charge states, which further strengthen the confidence 
in our measurements. In 23 of the 58 unique peptides, it 
takes at least 1000 times as long to achieve the same level 
of H/DX in the H3.3/H4/DAXX heterotrimer as 
compared with in the (H3.3/H4)2 heterotetramer 
(Supplementary Figure SIB); in 26 of the 58 unique pep- 
tides it takes 10-1000 times as long (Supplementary Figure 
SIC). In total, only 9% of the histone peptides from the 
H3.3/H4/DAXX heterotrimer achieve >90% H/DX by 
10^ s (Figure IC). Besides the N- terminal tail of H4, 
which completely exchanges in both complexes, the sole 
exceptions to increased protection upon DAXX binding 
are seen in peptides spanning H3.3 L2 between the a2 and 
a3 helices (within residues 109-126), where H/DX is 
increased in the H3.3/H4/DAXX heterotrimer relative to 
the (H3.3/H4)2 heterotetramer at early time points (Figure 
IB, C and G and Supplementary Figure S2). Overall, these 
H/DX data show that the extensive contacts estabhshed 
by DAXX around H3.3/H4 transmit global stability that 
prevents the transient unfolding of each histone. 

H3.3 aN helix adopts a stable fold when in complex 
with DAXX 

The greatest local increase in protection from H/DX of the 
histones upon DAXX binding occurs in the region of the 
aN helix of H3.3 (Figures IB-D and 2 and Supplementary 
Figure S2). In nucleosomes, the (H3/H4)2 heterotetramer 
exists with a stable aN helix at the DNA entry/exit site 
(26,27). Before nucleosome incorporation, however, this 
helix has rapid H/DX, indicating that in (H3/H4)2 tetra- 
mers in solution, it does not exist as a stable helix (18). In 
agreement with this, in (H3.3/H4)2 heterotetramers, the 
peptides spanning a. a. residues 48-61 achieve complete 
H/DX by the first time point (10^ s; a representative 
peptide is shown in Figure 2). Upon binding DAXX, the 
aN helix of H3.3 requires > 10 000 longer timescales 
to achieve the same level of deuterium incorporation 
as compared with the (H3.3/H4)2 heterotetramer 
(Figures ID and 2). Thus, the H3.3 aN helix adopts a 
stable fold upon binding DAXX. 

DAXX induces alterations to the a2-L2-a3 region of H3.3 

As the only exception to the global stabilization of H3.3/ 
H4 in the DAXX complex, an increase in H/DX in the 
H3.3 a2-L2-a3 region (Figure IG and Supplementary 
Figure S2) indicates a local unfolding event. In the 
H3.3/H4/DAXX crystal structures, H3.3 L2 is extended 
at the expense of a full helical turn at the C-terminus of 
the H3.3 a2 helix (15,16). Using an H/DX rate-mapping 
strategy that has proven especially informative in 
other proteins/complexes with available high-resolution 
structures (19,29), we found that the reduced H/DX pro- 
tection maps precisely to L2 of H3.3, which extends into 
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Figure 1. H3.3/H4 dimer is globally stabilized by DAXX upon heterotrimer formation. (A) Experimental scheme for comparing H/DX of (H3.3/ 
H4)2 heterotetramer, H3.3/H4/DAXX heterotrimer complex, H3.2/H4/DAXX heterotrimer complex and DAXX monomer. The locations of the 
ribbon diagrams with all time points for each corresponding H/DX data set are Hsted. (B and C) H/DX data for the histones from (H3.3/H4)2 and 
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the oc2 helix in the DAXX complex (Figure 3 A and G). In 
contrast, hehcal residues immediately adjacent to the 
extended loop, 105-108 and 122-126, are stabilized by 
10-1000-fold upon DAXX binding (Figure 3A-E). From 
the co-crystal structure, specific salt bridges can be 
identified that stabilize the H3.3 a2-L2-a3 region in 



its extended conformation: DAXX residues D285 and 
D288 contact H3.3 R116 in L2; DAXX residues 
Q325 and R328, Q383 and N373 contact H3.3 D105, 
K122 and R128, respectively, in the helices (Figure 3G). 
These findings support the notion that the extended con- 
formation of L2 observed in the complex crystal structure 
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Figure 2. H3.3 aN helix is stably folded in the H3.3/H4/DAXX 
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both complexes over the time course. The maximum number of deu- 
terons possible to measure by H/DX is shown by a black dotted line. 

(C) Side-by-side analysis of MS data for the indicated peptide from 
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Hnes serve as guideposts to highhght the differences in mjz 
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is also heavily populated in solution, with the H3.3 a2- 
L2-a3 region being strongly rigidified by DAXX as 
compared with the same region in the context of the 
(H3.3/H4)2 heterotetramer. 

DAXX prevents spontaneous, rapid unfolding of the H3.3 
histone fold 

We further investigated the nature of how DAXX globally 
rigidifies H3.3. In the (H3.3/H4)2 heterotetramer, all 
peptides spanning residues 103-126 display biphasic 
exchange behavior (i.e. EXl or EX 1 -like kinetics). 
Under our reaction conditions, biphasic H/DX behavior 
is apparent at the 10^ s time point and most prominent at 
the 10"^ s time point (Figure 3B and C). Although the m/z 
separation of the two biphasic populations is not as 
pronounced for short charge state +1 peptides (such as 
peptide 103-109 in Figure 3B), the exchange profile is 
distinct from that of EX2 exchanging peptides 
(Supplementary Figure SIC). EXl or EXl -like behavior 
for many of the helical residues of H3.3 indicates that 
exchange occurs in an all-or-none manner, wherein after 
initial local hehcal unfolding, subsequent refolding is 
slower than the chemical H/DX rate (31). 

Previous studies have confirmed the assumption that the 
H3/H4 dimers are in equilibrium with tetramers, heavily 
populating the dimer state at physiological salt concentra- 
tions (150mM) (22,32). At 500 mM salt, at which our ex- 
periments were conducted, they more heavily populate a 
tetramer state. It is likely that the local unfolding and slow 
refolding (including residues 103-126) that we measure 
(Figure 3B and C) is Hnked to the loss of stabilizing 
H3.3:H3.3^ 4-helix bundle contacts that accompany tran- 
sient loss of tetramerization (Figure 3F). Further, the 
timescale of these changes (i.e. EXl -like behavior is 
observed at lO^s; Figure 3B and C) indicates slow in- 
terconversion between tetramer and dimer under the 
tested conditions. 

In contrast to the (H3.3/H4)2 heterotetramer, the H3.3/ 
H4 dimer bound by DAXX is completely protected from 
EXl behavior. Peptide 103-109 of H3.3, for example, is 
nearly completely protected from H/DX, including EXl 
exchange of the a2 helical residues (Figure 3B and D). 
Peptide 110-125 of H3.3 is not only representative of 
several peptides that show accelerated H/DX at initial 
time points upon DAXX binding because of the shorten- 
ing of the a2 helix, but also shows protection at later time 
points (Figure 3C and E). This includes protection from 
the EXl (or EXl -like) behavior of the oc3 helical residues 
observed in the (H3.3/H4)2 heterotetramer. Thus, DAXX 
binding completely prevents the rapid spontaneous un- 
folding events observed within the H3.3/H4 histone fold, 
acting as a bona fide folding chaperone. 

DAXX completely refolds a partially unfolded dimer 
mutant version of H3.3/H4 

To further test the abihty of DAXX to act as a molecular 
chaperone, we used a mutant version of the H3.3/H4 sub- 
strate (H3.3^'''^/H4; Figure 4) with a substantial portion 
of the histone fold domain existing as an unfolded protein. 
The initial crystallographic forms of H3.3/H4/DAXX 



Nucleic Acids Research, 2014, Vol. 42, No. 7 4323 



A H3.3 
45 1 g-N 




Peptide 103-109 



^ 2 

CD 

Q 




10^ 



10^ 10^ 10^ 
Time point (s) 



10^ 



Peptide 110-125 



103 



109 



a-2 



L2 



121 



126 



a-3 



LFEDTNLCAIHAKRVTIMPKDIQL 




De uter ium Exchange ^ 
SlowM>1 00,000 s 

1,000-100,000 s 

■ 10-1,000 s 
0-10 s > 



B 



it 



Peptide 103-109 



I ' 



— 

Closebr 



n 1 1 



~i I I 



Open * 



852 854 856 
m/z 



-r- 



J_L 



1 



1^ 



Non- 
deuterated 



10^ s 



102 s 



10' s 



lO^s 



10' s 



852 854 
m/z 



856 



12 
wlO 
o 8 
S 6 

=3 . 

0) 4 
Q 2 
0 




10^ 



10^ 10^ 10^ 10' 
Time point (s) 



-A-- (H3.3/H4)2 ' 
H3.3/H4/DAXX 
■ Max D > 



H3.3 H4 MDAXX 



it 



Peptide 110-125 



1 -4- 



: Closed 



-I 1 — r- 



Openi 



609 



611 
m/z 



Non- 
deuterated 



10^ s 



102 s 



lO^s 

-H 1 

lO^s 



-h 



-r 



613 609 



10' s 



611 
m/z 



613 






Figure 3. DAXX induces alterations to and prevents unfolding of the H3.3 a2-L2-a3 region in solution. (A) Deuterium exchange rate profile maps of 
peptides spanning H3.3 residues 103-126 in (H3.3/H4)2 (top) and H3.3/H4/DAXX (bottom). Schematics of the secondary structural features from 
the crystal structures of both protein complexes (Figure IB and C, right) are shown, with the region of interest boxed and expanded below. The 
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dashed black fines because exchange of the first two backbone amide protons cannot be measured (30) and profines lack amide protons. (B and C) 
MS data of two representative peptides, which are displayed as in Figure 2C. Both peptides from the (H3.3/H4)2 complex exhibit EXl behavior (D 
and E). Comparison of H/DX for the indicated H3.3 peptides from each of the complexes. When data are biphasic, the reported number of 
deuterons is calculated from the average centroid value over the relative intensities of both the 'open' and 'closed' populations. The consensus 
exchange rates assigned in panel A are mapped onto either the (H3.3/H4)2 (PDB 3AV2) (F) or H3.3/H4/DAXX (PDB 4H9N) (G) crystal structures. 
Other portions of H3.3 are shown in gray. (F) H3.3 residues involved in the H3.3:H3.3' four-helix bundle of (H3.3/H4)2 are shown. (G) H3.3 residues 
that estabfish contacts between H3.3 and DAXX in H3.3/H4/DAXX are highfighted. 
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Figure 4. DAXX completely rescues the fold of a mutant version of H3.3/H4. SEC coupled with MALS and H/DX-MS of wild-type and mutant 
complexes of H3.3/H4 both without (A-C) and in complex with (D-F) DAXX. (A) The size of (H3.3/H4)2 is 53kDa and that of H3.3^'"VH4 is 
38 kDa. (D) The size of H3.3/H4/DAXX is 61 kDa and that of H3.3^'"VH4/DAXX is 58 kDa. (B, C, E and F) The consensus levels of H/DX at 10^ s 
for (H3.3/H4)2 (B), H3.3^'"''/H4 (C), H3.3/H4/DAXX (E) and H3.3^'"VH4/DAXX (F) are mapped onto an H3.3/H4 dimer from either the H3.3 
nucleosome (PDB 3AV2) (B and C) or H3.3^'"VH4/DAXX complex [PDB 4H9S; (15)] (E and F) crystal structures. Regions of H3.3 and H4 that are 
destabilized in H3.3^'"''/H4 but are then stabilized when in complex with DAXX are highhghted as follows: the H3.3:H3.3' tetramerization region is 
circled, and the H3.3 and H4 al hehces are indicated by an arrowhead and arrow, respectively. 



exploited a mutant of H3.3 with 5 or 7 substitutions aimed 
to rigidify the H3.3:H4 interface, essentially creating a 
H3.3/CENP-A hybrid [PDB 4H9N, PDB 4H9S; (15)]. 
While the mutant crystal structure is essentially identical 
with that of wild-type H3.3/H4/DAXX (16), we observed 
an unexpected consequence of introducing seven muta- 
tions in H3.3. The H3.3:H3.3^ interface is disrupted 
in the absence of DAXX, yielding a constitutive 
H3.3^'^^/H4 dimer (Figure 4A). The H3.3'^''^^/H4 dimer 
has greatly extended regions of extremely rapid exchange 
(i.e. almost complete H/DX [>80%]) in both the 
H3.3:H3.3' tetramerization four-helix bundle region as 
well as in the adjacent al helix of H4 (Figure 4B and C 
and Supplementary Figure S3). The H3.3 ocl helix is also 
more flexible in the H3.3'^'''^/H4 dimer than in the wild- 
type (H3.3/H4)2 heterotetramer (Figure 4B and C and 
Supplementary Figure S3) but shows some protection, 
suggesting that it is folded but samples unfolded states 
more frequently than its wild-type counterpart. Upon 
heterotrimer formation with DAXX (Figure 4D), 
however, nearly identical stabiHty, as measured by its 
H/DX profile, is achieved in H3.3^'^^/H4 as in its wild- 
type counterpart (Figure 4E and F). This stabiHty includes 
all regions contacting DAXX and corroborates the notion 
that the protection we measure on H3.3/H4 upon DAXX 



binding is a consequence of preventing spontaneous 
unfolding events intrinsic to the histone fold. 

DAXX adopts a stable fold only upon binding H3.3/H4 

The substantial stabiHty conferred to H3.3/H4 by DAXX 
led us to investigate the nature of the DAXX:H3.3/H4 
interfaces. We systematicaHy analyzed contact points 
between DAXX and histones using PDBePISA (33) and 
found that they have an overall unusually hydrophobic 
character (Supplementary Figure S4). Such 'dry' interfaces 
are characteristic of a coupled binding-folding process, 
whereas polar contacts are more typical of binding 
between two fuHy folded monomers (34). Considering 
how DAXX might engage the histone complex, one 
could envision a series of hinge movements/rotations of 
weH-folded DAXX heHces that dock and sequentially 
envelop the histones. In this case, one would expect to 
observe measurable stability in the seven helices of the 
DAXX monomer with probable alterations in the linker 
regions, including contacts with histones and short sec- 
ondary structural elements, which would likely be 
rearranged upon binding to histones. Alternatively, 
because the histones have many unfolded (or very 
rapidly unfolding/refolding) regions, DAXX might 
couple its own folding to engaging H3.3/H4 and exist in 
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some disordered state in its free state. In this case, one 
would expect some or all of the DAXX helices to exhibit 
rapid H/DX, consistent with existing in an unfolded state 
or rapidly sampHng unfolded conformations. 

To distinguish between these possibilities, we measured 
and compared the H/DX behavior of DAXX, either as a 
free monomer or bound to H3.3/H4 (Figure 5). Our 
analysis includes 84% coverage of the DAXX monomer 
(Figure 5 A) and 94% coverage of DAXX from the 
heterotrimer complex (Figure 5B). Nearly complete ex- 
change of the DAXX monomer occurs by the 10^ s or 
lO^s time points in the vast majority of the protein 
(Figure 5A). In the DAXX 'tower' region (ocl and a2 
helices), however, there is slower H/DX (representative 
peptide shown in Figure 5C), indicating that this region 
has a relatively stable fold before engaging histones. 
Outside of the 'tower' region, however, the DAXX 
monomer is essentially behaving as an unfolded protein. 
Upon binding to the histones, the stability of DAXX is 
vastly increased (Figure 5B). For example, peptide 322- 
332, which spans the a5 helix in the crystal structure, com- 
pletely exchanges by lO^s in unbound DAXX and has 
only just started to exchange by 10^ s when bound to the 
histones (Figure 5D). Thus, DAXX is stabilized to an even 
a greater extent than its own substrate, H3.3/H4. 

Since we observed broad and substantial H/DX 
protection in all three chains of the H3.3/H4/DAXX 
heterotrimer, we investigated the slowest exchanging 
regions and their spatial arrangement in the complex 
(Figure 5E and Supplementary Figure S5). These very 
slow exchanging regions are found on each sub-unit 
(Figure 5E blue residues), especially on heUces where 
there are close contacts with helices from the other two 
subunits. Thus, the H3.3/H4/DAXX heterotrimer is 
globally well folded, forming an extended hydrophobic 
core with equivalent H/DX protection on all major 
contact surfaces. 

H3.3 specific residues drive molecular recognition of 
DAXX by locking in stable structure 

A key unresolved issue is the mechanism by which DAXX 
specifically associates with H3.3/H4 despite a high cellular 
concentration of nearly identical canonical H3 (H3.1 and 
H3.2). Specificity for H3.3 is clearly observed using 
purified components in binding assays (8,9,15,16). 
Biochemical and structural data have been used to 
propose that G90, and to a lesser extent A87, of H3.3, 
which exist in a polar cavity and shallow hydrophobic 
pocket, respectively, are the principal determinants for 
DAXX recognition in vivo and in vitro (15,16) (the 
location of these residues in the heterotrimer complex is 
shown in Figure 6A). Importantly, the 'tower' heUces 
alone were able to discriminate H3.3 from H3.2 based 
on the side chain of M90 in H3.2 (15). Along with our 
new finding that monomeric DAXX is unfolded, this 
might suggest a 'lock-and-key' mechanism, where the 
folding of DAXX generates an interface that only accom- 
modates the lack of a side chain on H3.3 G90. However, a 
co-crystal structure with H3.3 G90M shows that the sub- 
stantial side chain of methionine can be accommodated in 



a hydrophilic cavity with minimal conformational devi- 
ations in backbone and side chains throughout DAXX 
(15). Therefore, discrimination does not rely on direct 
steric exclusion, arguing against a simple 'lock-and-key' 
recognition mechanism. 

The relatively small surface area surrounding the recog- 
nition determinants (131 A^ [ = buried surface area 
of A87, 189 and G90 in H3.3/H4/DAXX complex], 
PDBePISA) is in stark contrast to the total buried 
surface area of H3.3/H4 in the entire complex (4500 A^) 
(15). Thus, on enveloping either H3.1/H4, H3.2/H4 or 
H3.3/H4, the vast majority of the interaction interface is 
identical, making the finding that DAXX selectively asso- 
ciates with H3.3/H4 (8,9), and not H3.1/H4 or H3.2/H4, 
so remarkable. To address dynamic differences in molecu- 
lar recognition of histone variant complexes by DAXX, 
we reconstituted the H3.2/H4/DAXX heterotrimer, 
performed H/DX-MS (Figure lA) and compared the 
DAXX subunit with that when bound to H3.3/H4 
(Figure 6 and Supplementary Figures S6-S9). We found 
that DAXX adopts a similar conformation when bound to 
H3.2 as when bound to H3.3, sharing the same general 
fast and slow exchanging regions (Supplementary 
Figure S6). At many locations, DAXX displays essen- 
tially identical H/DX rates in either H3.2- or H3.3-con- 
taining complexes (Figures 6B and C and Supplementary 
Figures S7 gray peptides/residues and S8). Importantly 
though, there is a broad region of flexibility found in 
DAXX near the contact region with the histone recogni- 
tion residues when it binds to H3.2 rather than 
H3.3 (Figure 6C). Specifically, less protection is most 
apparent in the DAXX 'tower' region, including LI, and 
also in the region surrounding L5 from the a5 to oc6 helices 
when inappropriately bound to H3.2/H4 instead of its 
natural substrate, H3.3/H4 (Figure 6B and C and 
Supplementary Figure S7). The regions of DAXX that 
are clearly stabilized by H3.3 specific contacts 
(Figure 6B and C) overlap with the most stably folded 
portions of DAXX in the heterotrimer complex 
(Figure 5B). 

Evident in the crystal structure of the H3.3/H4/DAXX 
complex, DAXX LI is highly ordered: residues 212-216 
form a 3(10) helix and nearby residues 209-210 interact in 
a (3 sheet-like manner with residues 84-85 of H3.3 (15). 
The protection from exchange in this region in the H3.3/ 
H4/DAXX complex, particularly spanning the 3(10) heUx 
(representative peptide shown in Figure 6D), attests to 
the minimal dynamics/conformational flexibihty in this 
region. For peptides spanning DAXX residues Glu209 
and Leu210, the protection we observe must be due to 
the inter-chain hydrogen bonding with H3.3, involving 
the amide protons at these positions interacting with 
residues Arg84 and Phe85 from H3.3 (15). Thus, it is 
one of the only regions in which our H/DX data correlate 
directly to protection of amide protons through direct 
H-bonding between different polypeptides. As is the case 
for most other protein-protein interactions that have 
been studied, however, the bulk of H/DX protection 
arises from stabilization of structural elements involving 
intra-chain H-bonding (e.g. H-bonding within oc-heHces or 
between (3-strands). The increase in H/DX in the 
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Figure 5. DAXX behaves essentially as an unfolded protein before binding H3.3/H4. H/DX data of peptides from the DAXX monomer (A) and in a 
heterotrimer complex with H3.3/H4 (B). Data are presented as in Figure IB and C. Peptides spanning residues 226-235 (C) and 322-332 (D) are 
enlarged in the bottom right corner of panel B and their MS peptide spectra are shown, which are presented as in Figures 2 and 3. (E) The consensus 
exchange rate of each residue from the H3.3/H4/DAXX complex is mapped onto the crystal structure. Residues lacking any peptide coverage are 
colored gray. 
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Figure 6. Stability induced in DAXX by contacts with H3.3-specific residues. (A) Differences in primary sequence between H3.2 and H3.3 histone 
variants. H3.3 residue S31 differs from H3.2 but is not important for recognition by DAXX. In contrast, H3.3 residues A87, 189 and G90 differ from 
H3.2 and are important for specific recognition by DAXX (8). These residues are shown in black space fill in the H3.3/H4/DAXX crystal structure 
(PDB 4H9N) to highhght the surrounding environment. (B) Decreased protection from H/DX of DAXX in complex with H3.2- compared with the 
H3.3-containing heterotrimer complex at 10^ s. The level of protection is determined by subtracting the percent deuteration of H3.2/H4/DAXX from 
that of H3.3/H4/DAXX for individual DAXX peptides, which are colored according to the legend. Gray represents no difference in H/DX between 
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DAXX crystal structure (PDB 4H9N). DAXX residues that fine the area surrounding the H3.3-specificity residues are shown in space fill. 
(D) Comparison of H/DX for a DAXX peptide spanning LI. (E) Comparison of H/DX for a DAXX peptide spanning the a5 helix. 



corresponding H3.2-containing complex suggests that the 
H3.3-specific residues are critical for stabilizing the fold of 
the 3(10) helix in DAXX LI (Figure 6D and 
Supplementary Figure S9), as well as the C-terminal 



portion of the DAXX a5 helix (Figure 6E and 
Supplementary Figure S9). It takes these peptides 10-50 
times longer to achieve the same level of deuteration in 
H3.3 relative to H3.2 (Figure 6D and E). Therefore, the 
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selective binding of H3.3 is mediated by the stable fold in 
the helices surrounding the H3.3-specific residues. The im- 
perfect fit with H3.2 and the resulting destabilization of 
DAXX local secondary structure provide a protein 
folding-based rationale for decreased binding relative to 
its bona fide substrate, H3.3. 

DISCUSSION 

Using H/DX-MS, we define the major protein folding 
impHcations of forming the H3.3/H4/DAXX complex. 
Our solution data confirm key features and interactions 
derived from crystallographic data of the complex and, 
more importantly, yield novel impHcations for the chap- 
erone-specific assembly/disassembly of the complex. 
Almost completely disordered in its free state, DAXX 
folding is coupled to binding a H3.3/H4 dimer 
(Figure 5). Vice versa, DAXX is capable of rigidifying 
transiently unfolding regions in the histone fold (e.g. the 
a2 and a3 helices of H3.3; Figure 3) and folding an other- 
wise unfolded (or extremely rapidly unfolding) region (e.g. 
the ocN helix of H3.3; Figure 2). Moreover, DAXX is able 
to fold a mutant version of H3.3 where a substantial 
portion of the histone fold domain is initially 
unfolded (Figure 4). Importantly, replacing H3.3 with a 
non-cognate variant H3.2 in the complex leads to a 
decreased stability of local secondary structure elements 
of DAXX (Figure 6). 

A model for coupled binding-folding of DAXX and 
histones H3.3/H4 

Combining our HD/X data of free and bound histones 
and DAXX chaperone, we are able to propose a model 
for the coupled binding-folding of DAXX with histones 
H3.3/H4. In this model, a mostly unfolded DAXX makes 
initial contacts near the H3.3 specificity region and can 
then sample a large part of the histone surface before 
folding into place. Partially folded intermediates might 
play a crucial role in guiding the formation of the 
proper complex, in which case their dynamic stability 
would be responsible for the discrimination of H3.3 
from other H3 variants. 

Residual secondary structure in the 'tower' helices 
(Figure 5A) suggests that initial ordered contacts with 
histones H3.3/H4 could be made through a pre-folded 
'tower' rather than other, completely unstructured parts 
of DAXX. Based on the finding that DAXX experiences 
local instabihty in the 'tower' heUces and surrounding 
local environment when bound to H3.2 (Figure 6), we 
propose that the H3 variant residues in the H3.3 a2 
helix have an energetic impact on the folding step(s) im- 
mediately following initial contact in complex assembly. 
In support, previous biochemical data show that the 
DAXX 'tower' alone binds H3.3/H4 tightly but does not 
interact with canonical H3.1/2 (15). 

We propose a working model in which the LI of the 
DAXX 'tower' first guides the association, as it contains 
an acidic (Glu-rich) region that can make long-range elec- 
trostatic interactions with the highly basic lateral histone 
H3.3 surface. Through their compatible hydrophobic 



surfaces, the 'tower' helices, including portions of the 
intervening loop, could subsequently fully fold onto the 
H3.3 ocl helix, LI and a2 helix. The tight wrapping 
of DAXX L2 around the H3.3 ocN helix seen in the co- 
structures of H3.3/H4/DAXX indicates that prior folding 
of the ocN helix of H3.3 is first required in order for the 
fully folded DAXX complex to form (Figure IC) because 
it seems sterically unlikely it would fold after DAXX has 
folded. The H/DX data indicate that the aN helix is un- 
structured in free heterotetramer but stable in the DAXX 
complex (Figure 2). Thus, it seems Hkely that binding of 
the DAXX 'tower' captures the unstructured N-terminus 
of H3.3 and directs folding of the H3.3 ocN helix 
(Figure 7). 

Throughout this sequence of folding steps, the cognate 
H3.3-specific residues in the a2 helix might play an im- 
portant role in maintaining stable association of DAXX 
with the histones, whereas non-cognate residues in H3.2 
might destabilize the interface and promote dissociation 
of DAXX before it is fully folded (Figure 7, middle; 
instabihty of H3.2-containing complex represented by 
curved lines near the regions destabilized in DAXX). We 
propose that only after these initial associations and 
folding steps, the remaining DAXX structural elements 
can form, with the long L2 threading across the H3.3 
aN helix and the a5 and a6 helices packing against H3.3 
and H4, respectively (Figure 7, right). The pronounced 
stability of the H3.3/H4/DAXX heterotrimer is con- 
founded by the large buried interface area gained on 
these last folding steps in our model. While we observe 
local destabilization of DAXX elements in a non-cognate 
H3.2/H4/DAXX complex (within the 'tower' and the 
helices surrounding L5, see Figure 6), these perturbations 
are not large enough to efficiently disassemble a fully 
folded complex. Our model, therefore, provides a ration- 
ale for how high selectivity and high affinity can be 
achieved by a sequential folding pathway: one or more 
energetic barriers imposed early in the folding pathway 
can disfavor the formation of the final high-affinity 
complex with a non-cognate histone H3 variant. 
Likewise, in the presence of competing histone chaperones 
[such as CAFl, ASFl (1)] and assembly reactions, a smaU 
energetic barrier imposed by non-cognate histone H3.1/2 
residues might be sufficient to disfavor inappropriate 
assembly with DAXX. Future experiments to further 
test the working model we propose is Hkely to yield im- 
portant additional insight into the DAXX chromatin 
assembly pathway. 

Coupled binding-folding of protein interactions, such as 
we find for H3.3/H4/DAXX, has been hypothesized to 
enhance molecular recognition specificity (35). Our data 
argue strongly that selectivity for H3.3 versus H3.2 must 
occur early, before the completion of co-folding of an 
inappropriate H3.2/H4/DAXX heterotrimer that, once 
formed, would be unHkely to rapidly dissociate given the 
extensive and intertwined interfaces between DAXX and 
the histones. In addition to variant-specific residues, post- 
translational modifications, such as K56 acetylation and 
methylation (36-38) in the H3.3 aN helix, might affect 
proper folding of the DAXX complex. Predominantly 
recognized for their function within the nucleosomal 
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Figure 7. A stepwise co-folding model to explain how H3.3-specific assembly with DAXX is achieved. See text for details. 



context, such modifications also affect chaperone inter- 
actions (39). However, there is no evidence to date that 
H3 variants are modified differentially to enhance recog- 
nition specificity. In particular, the heavily modified H3 
N-terminal tail does not seem to be recognized by DAXX 
(15), making a regulatory function of these modifications 
in complex assembly unlikely. 

Alternative to our proposed model, the complex could 
be folded through (i) the simultaneous collapse of all 
DAXX structural elements onto a H3.3/H4 dimer with 
a transiently ordered ocN hehx or (ii) the reverse folding 
sequence with a5 and a6 helices making the initial 
contacts. In disagreement with the first alternative 
scenario and consistent with previous studies (18,40), we 
found no evidence for the formation of a aN helix on free 
H3.3/H4. The reversed folding order, where DAXX a5 
and a6 helices fold first onto the H3.3/H4 dimer, is plaus- 
ible. However, complex formation would be limited by 
the availabihty of Tree' H3.3/H4 dimers in vivo, as 
contacts in this region are incompatible with a (H3.3/ 
H4)2 heterotetramer or H3.3/H4/ASF1 heterotrimer 
complex (15). In addition, our H/DX data indicate that 
the H3.3 a2 hehx is partially unwound in solution when 
contacting the a5 and a6 helices of DAXX (Figure 3). 
Without cooperative binding contributions from the rest 
of DAXX, initial association of DAXX a5/a6 helices with 
the H3.3 homodimerization interface, therefore, seems 
likely to be thermodynamically disfavored. 

Disassembly of H3.3/H4/DAXX, nucleosome assembly 
and the implications of cooperative folding/unfolding 

Mirroring the coupled binding-folding, our data suggest 
that disassembly of the H3.3/H4/DAXX complex would 
require widespread unfolding of DAXX. It remains to be 
seen if disassembly of the complex is regulated by DNA, 
for example, in a way where H3.3/H4 dimers are handed 
onto DNA in a concerted mechanism. In such a model, 
histone chaperones might stabilize certain structures ne- 
cessary for efficient deposition onto chromatin that are 



distinct from the final nucleosomal arrangement. 
We speculate, for example, that in the context of DNA 
or another chaperone, a second H3.3/H4 dimer could 
compete with DAXX for the H3.3 homodimerization 
interface, reversing the local unwinding of the a2 helix 
and ejecting DAXX. In vitro experiments suggest that 
ASFl is capable of taking over the H3.3/H4 dimer 
from a DAXX complex (15), raising the possibiHty of a 
multi-step disassembly reaction that warrants future 
investigation. 

The histone chaperone DAXX has emerged as a pivotal 
example of a family of histone chaperones, also including 
HJURP (4,5,17), Scm3 (41) and Chzl (42), that bind 
specific histone variants with high specificity. For 
HJURP and Scm3, there appears to be a hydrophobic 
effect-driven binding (or coupled binding-folding) as 
opposed to a DNA-mimicking electrostatic attraction 
(43). In addition, some of the dynamic features of the 
H3.3/H4/DAXX complex are highly reminiscent of a pre- 
viously characterized CENP-A/H4/HJURP complex (17), 
and rely on similar structural elements (44). However, the 
nature of DAXX to envelop its histone substrates (15,16) 
is exceptional among a limited number of histone chaper- 
one complexes that have been examined with high- 
resolution structural and/or dynamic approaches. 
A recent study of Napl, for example, showed that the 
chaperone is well folded before encountering H2A/H2B 
dimers (20), but it remains to be seen, which among the 
spectrum of other histone chaperones co-fold with their 
substrates. Importantly, HJURP (17), Napl (20) and 
DAXX highlight a previously unrecognized feature that 
might be common to many, if not all, histone chaperones: 
the promotion of a folded histone state. Such function 
might be crucial to avoid spontaneous unfolding and ag- 
gregation in the cellular environment on the pathway to 
assembling H3.3-containing nucleosomes. 

Our study further highlights the surprisingly large 
extent to which reversible folding of whole protein 
domains can depend on as an appropriate protein 
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partner. Intrinsically unstructured regions in proteins have 
long been recognized to be able to adopt defined structures 
with their interaction partners and to provide adaptable 
platforms for protein-protein interactions (45). However, 
interaction motifs described so far are limited to relatively 
short Hnear motifs with random-coil characteristics (such 
as an unusually high ratio of charged to hydrophobic 
residues). Chzl, for example, has an intrinsically dis- 
ordered region, a small portion of which adopts stable 
secondary structure upon binding the H2A.Z/H2B 
histone dimer (46). In contrast, DAXX exhibits stereotyp- 
ical primary sequence features of a bona fide globular 
folded domain. Our direct structural and dynamic 
insight is instrumental in understanding the folding of 
DAXX, raising the possibility that domain-level coopera- 
tive folding is an underappreciated feature of protein- 
protein interactions. We envision that similarly complex 
protein-protein interactions exist in diverse biological 
contexts beyond histone chaperones, contributing to 
both molecular recognition and affinity. 
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